Abstract The usefulness of mec-associated dru typing in the epidemiological analysis of methicillin-resistant Staphylococcus aureus (MRSA) isolated in Malaysia was investigated and compared with pulsed-field gel electrophoresis (PFGE), multilocus sequence typing (MLST), and spa and SCCmec typing. The isolates studied included all MRSA types in Malaysia. Multilocus sequence type ST188 and ST1 isolates were highly clonal by all typing methods. However, the dru typing of ST239 isolates produced the clearest discrimination between SCCmec IIIa and III isolates, yielding more subtypes than any other method. Evaluation of the discriminatory power for each method identified dru typing and PFGE as the most discriminatory, with Simpson's index of diversity (SID) values over 89%, including an isolate which was non-typeable by spa, but dru-typed as dt13j. The discriminatory ability of dru typing, especially with closely related MRSA ST239 strains (e.g., Brazilian and Hungarian), underscores its utility as a tool for the epidemiological investigation of MRSA.
Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) infections are the focus of intense attention due to their continuous emergence as major healthcare and community-associated pathogen. Its impact on patient morbidity, mortality, and healthcare-associated costs is significantly high [1] . Although attempts to control the spread of this pathogen by screening patients, personnel, and the environment remains a high priority in infection control programs, tracing the source and transmission routes of MRSA relies on typing methods as important tools for the genetic characterization of isolates [2] . Pulsedfield gel electrophoresis (PFGE), a genotypic method for the evaluation of total chromosomal DNA polymorphism, is the gold standard for the epidemiological analysis of most problematic nosocomial pathogens, including S. aureus and MRSA [3] . To date, the most popular technique for the epidemiological investigation of MRSA is nucleic acid sequencing, including multilocus sequence typing (MLST) and staphylococcal protein A (spa) gene sequencing. DNA sequence-based typing has become more popular due to the progress of large-scale sequencing methodology, ease of data transfer, and excellent comparability of results through online databases [3] . However, within the staphylococcal SCCmec region, a 40-bp variable number tandem repeat (i.e., direct repeat unit; dru) adjacent to IS431 has recently gained attention for its ability to discriminate highly clonal EMRSA-15 and EMRSA-16, isolates which are indistinguishable by other methods [4] [5] [6] .
As in most Asian countries, the most prevalent MRSA strain in Malaysia is MLST sequence type ST239, belonging to clonal cluster 8 (CC8) [7] . During a study conducted on 389 MRSA isolates collected from October 2007 to September 2008, six major sequence types were detected: ST239-CC8 (n=360, 92.5%), ST1-CC1 (n=9, 2.3%), ST188-CC1 (n=8, 2.1%), ST22-CC22 (n=6, 1.5%), ST7-CC7 (n=4, 1%), and ST1283-CC8 (n=2, 0.5%). Although MLST is an adequate approach for identifying broad S. aureus strain interrelationships (e.g., MLST clonal complexes), it is less suited for studying more subtle differences between strains. spa typing better detects such small genomic differences, but its applicability might be reduced due to genomic recombination events [8] . For example, neither MLST nor spa typing were able to differentiate Hungarian from Brazilian MRSA strains [9] . Therefore, the aim of the current study was to examine the utility of mecassociated dru analysis in subtyping ST239 clonal isolates from Malaysian hospitals. In addition, the discriminatory power and typeability of dru sequence analysis was compared with that of PFGE, MLST, and spa typing.
Materials and methods
As summarized in Table 1 , 61 non-duplicate isolates of the 389 MRSA isolates collected from October 2007 to November 2008 in the largest Malaysian public hospital were included in the study. The characteristics of these strains were previously reported in detail [7] and were genetically diverse, representing all MLST and spa types identified in the previous study. In addition to previous characterization by MLST, spa, and SCCmec typing [7] , the 61 isolates were subjected to PFGE [7, 10] and sequence analysis of the mec-associated dru region, as described recently by Goering et al. [4] (http://www.dru-typing.org). Besides the discriminatory power achieved by MLST, SCCmec, spa, PFGE, and dru typing was defined by Simpson's index of diversity (SID) using an online quantitative assessment tool to calculate the approximate 95% confidence interval (CI) (http://darwin.phyloviz.net). Moreover, isolate typeability by the different methods was calculated (14), along with the autoregression (AR) coefficient, which is commonly used for quantifying the congruence of typing methods versus chance agreement [10] .
Results and discussion
As shown in Fig. 1 , PFGE, dru, MLST, spa, and SCCmec were equally discriminatory in typing ST188 and ST1 isolates. From an epidemiological perspective, it is interesting to note that all ST1 isolates were dru type dt9v and pvl-positive. While such isolates are commonly associated with skin and soft tissue infections in dermatology wards, no significant correlation was found here (p=0.2). ST22 isolates exhibited two dru types (dt10a and dt10m) and three spa types (t032, t3213, and t4184), concordant with MLST and SCCmec typing. Although PFGE, dru, and spa typing tended to cluster the ST22 isolates together, minor differences were noted (Fig. 1) . ST7 isolates behaved as a single clonal lineage by all methods. However, less than 70% pattern similarity was observed by PFGE for these isolates. Among the 33 CC8 isolates, 32 were ST239, of which 23 and nine carried SCCmec IIIa and III, respectively. The one ST1283 (CC8) was SCCmec IIIa-positive. SCCmec IIIa was associated with spa types t421, t138, and t037, while SCCmec III was associated with spa types t037, t2575, t4250, and t4213. The PFGE similarity between the CC8 (ST239 and ST1283) isolates varied from 65 to 100%. In contrast, dru typing revealed a clearer discrimination between SCCmec IIIa and III isolates. SCCmec IIIa isolates exhibited nine dru types (dt1a, dt9w, dt15e, dt13j, dt13d, dt13h, dt13g, dt11aa, and dt13e), while seven types (dt13i, dt13d, dt14b, dt14d, dt12g, dt14c, and dt12h) were observed for SCCmec III. Within these 16 types, only dt13d was found in both SCCmec IIIa and III isolates. The predominant MRSA t037-ST239 strain yielded ten dru types (dt9w, dt11a, dt12 h, dt13d, dt13e, dt13 g, dt13i, dt14b, dt14d, and dt15e) and were clustered in eight PFGE This observation is consistent with the more conserved nature of the dru region and PFGE macrochromosomal restriction sites in this strain, while infrequent genomic recombination may affect the distribution of different spa sequences [8] . ST1, ST188, and ST7 isolates shared similar spa, dru, and PFGE types, except for ST7, which exhibited four PFGE types, a level of discrimination that may be epidemiologically useful in appropriate future investigations. dt13d was well dispersed throughout the hospital as expected, but it is interesting to note that the majority (6/7) of the respiratory isolates were of this type. However, a specific association of dt13d with respiratory infections required validation using a larger number of samples. Using the SID as a measure of the discriminatory powers of the different typing methods, dru typing and PFGE were identified as the most discriminatory. This result is in agreement with that of Cookson et al. [11] , who have shown PFGE (discrimination 99.5%) to be the most discriminatory method when compared with spa, MLST, and SCCmec typing, which all gave lower levels of discrimination of between 88.7% and 91.3%. To calculate the overall concordance of typing methods, the value of the AR coefficients for all typing methods was analyzed (Table 2 ) [12] . For the entire isolate collection, the highest AR value found was for MLST and spa typing (0.653), suggesting that ST clustering using eBURST or spa clustering by eBURP provide similar proof of genetic background. All other methods and combinations of methods presented AR values lower than 0.5, except for a link between ST and SCCmec. In addition, an isolate (isolate number 554), which was non-typeable by spa, was dru-typed as dt13j, again pointing to the high typeability and discriminatory power of the dru typing method.
While PFGE has been viewed as the gold standard for the epidemiological typing of numerous problem pathogens, for MRSA, additional methods such as SCCmec typing and sequence-based approaches such as MLST and spa typing have found increasing use. However, for certain clonal strains such EMRSA-15 and EMRSA-16 in the UK [4, 6] , dru typing represents a method that can provide additional enhanced discrimination and typeability of such isolates. Recently, Smyth et al. [13] demonstrated the utility of dru typing in combination with SCCmec ccr gene sequence analysis to provide information regarding the overall population structure of globally distributed ST239 MRSA. However, that study did not evaluate isolates from an epidemiological standpoint and only two of the seven dru types (dt1a and dt11a) found in the 13 Asian isolates examined were also seen in the 19 dru types found here.
The data presented here underscore the usefulness of dru typing for enhanced epidemiological discrimination of MRSA strains such as ST239 in Malaysia and suggest that this method may prove to be useful in the epidemiological analysis of highly clonal MRSA strains in other epidemiological settings. 
